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ABSTRACT Ricin is a member of the ubiquitous family of plant and bacterial AB toxins that gain entry into the cytosol of host 
cells through receptor-mediated endocytosis and retrograde traffic through the trans-Golgi network (TGN) and endoplasmic 
reticulum (ER). While a few ricin toxin-specific neutralizing monoclonal antibodies (MAbs) have been identified, the mecha- 
nisms by which these antibodies prevent toxin-induced cell death are largely unknown. Using immunofluorescence confocal 
microscopy and a TGN-specific sulfation assay, we demonstrate that 24B1 1, a MAb against ricin's binding subunit (RTB), associ- 
ates with ricin in solution or when prebound to cell surfaces and then markedly enhances toxin uptake into host cells. Following 
endocytosis, however, toxin-antibody complexes failed to reach the TGN; instead, they were shunted to Rab7-positive late endo- 
somes and LAMP- 1 -positive lysosomes. Monovalent 24B1 1 Fab fragments also interfered with toxin retrograde transport, indi- 
cating that neither cross-linking of membrane glycoproteins/glycolipids nor the recently identified intracellular Fc receptor is 
required to derail ricin en route to the TGN. Identification of the mechanism(s) by which antibodies like 24B1 1 neutralize ricin 
will advance our fundamental understanding of protein trafficking in mammalian cells and may lead to the discovery of new 
classes of toxin inhibitors and therapeutics for biodefense and emerging infectious diseases. 

IMPORTANCE Ricin is the prototypic member of the AB family of medically important plant and bacterial toxins that includes 
cholera and Shiga toxins. Ricin is also a category B biothreat agent. Despite ongoing efforts to develop vaccines and antibody- 
based therapeutics against ricin, very little is known about the mechanisms by which antibodies neutralize this toxin. In general, 
it is thought that antibodies simply prevent toxins from attaching to cell surface receptors or promote their clearance through Fc 
receptor (FcR) -mediated uptake. In this report, however, we describe a neutralizing monoclonal antibody (MAb) against ricin's 
binding subunit (RTB) that not only associates with ricin after the toxin has bound to the cell's surface but actually enhances 
toxin uptake into host cells. Following endocytosis, the antibody-toxin complexes are then routed for degradation. The results of 
this study are important because they reveal a previously unappreciated role for B-subunit-specific antibodies in intracellular 
neutralization of ricin toxin. 
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Ricin, a natural by-product of the castor bean plant (Ricinus 
communis), is a member of the AB superfamily of plant and 
bacterial protein toxins that exploit retrograde transport as a 
means to gain entry into the cytosol of host cells (1, 2). Cholera 
toxin (CT) and Shiga toxin (Stx) are also members of this family. 
Ricin's binding subunit (RTB) is a lectin that attaches to glycolip- 
ids and glycoproteins terminating in galactose and/or 
N-acetylgalactosamine (Gal/GalNAc) (3, 4). Following attach- 
ment to cell surfaces, RTB facilitates receptor-mediated endocy- 
tosis of ricin holotoxin via clathrin-dependent and -independent 
mechanisms (5). While the majority of ricin that is endocytosed is 
recycled back to the cell surface or shunted to lysosomes, a fraction 
of the internalized pool is trafficked retrograde to the frans-Golgi 
network (TGN) and the endoplasmic reticulum (ER) (5-7). 
Within the ER, the single disulfide bond that links RTA and RTB is 
reduced by protein disulfide isomerase (PDI), and RTA is then 



unfolded and retrotranslocated across the ER membrane into the 
cytoplasm (8). Once within the cytoplasm, RTA, an RNA 
N-glycosidase specific for the sarcin-ricin loop (SRL) of eukary- 
otic 28S rRNA, arrests protein synthesis and induces cell death 
through apoptosis (9). 

There are ongoing initiatives by federal agencies to develop 
vaccines and antibody-based therapeutics against ricin, a category 
B biothreat agent for which there are currently no available coun- 
termeasures (10, 11). Considering its essential role in host cell 
binding and uptake, RTB is an obvious target for prophylactic and 
therapeutic antibodies. Indeed, the B subunit of CT is a compo- 
nent of one of the current oral Vibrio cholerae vaccines (12), and 
monoclonal antibodies (MAbs) against the B subunit of Stx are 
being pursued as possible therapeutics (13). In the case of ricin, 
however, only a few RTB-specific, toxin-neutralizing MAbs have 
been described to date, and very little is known about their mech- 
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anisms of action (2, 14-20). For example, we have produced and 
characterized dozens of RTB-specific MAbs, and only three, 
SylH3, JB4, and 24B11, were found to have toxin-neutralizing 
activity in vitro and were able to passively protect mice against a 
10X 50% lethal dose (LD 50 ) ricin challenge (18-20). Similarly, 
Pringet and colleagues identified only two RTB-specific MAbs 
with toxin-neutralizing activity in their screen of ricin-specific B 
cell hybridomas (16). The vast majority of RTB-specific MAbs 
that have been described, including TFTB-1, bind ricin with high 
affinity but have no demonstrable toxin-neutralizing activity (18). 

Recent work from our lab has revealed that two of the RTB- 
specific MAbs, SylH3 and 24B11, with virtually identical ricin - 
neutralizing activities likely function by different mechanisms, 
based on their ability to prevent toxin-receptor interactions. 
SylH3 IgG (and Fab fragments) inhibited ricin binding to plate- 
bound Gal/GalNAc glycoprotein residues, whereas 24B11 IgG 
(and Fab fragments) did not (18). Based on these and other data, 
we postulate that SylH3 and 24B1 1 represent two different types of 
RTB-specific, toxin-neutralizing MAbs. SylH3 and other MAbs 
described in the literature, including JB4, 75/3B12, and RB37, are 
type I MAbs in that they apparently neutralize ricin by steric hin- 
drance (14, 16, 18-20). 24B11, a so-called "type II" MAb, neutral- 
izes ricin by interfering with a step downstream of attachment, 
such as toxin endocytosis and/or intracellular trafficking. 

In this report, we investigate the mechanism by which 24B11 
neutralizes ricin toxin. We demonstrate that 24B11 is capable of 
associating with ricin after it has bound to cell surfaces and that 
ricin-24Bll complexes are readily endocytosed into Vero and 
HeLa cells. When in complex with 24B1 1, however, ricin's capac- 
ity to traffic retrograde to the TGN was virtually abolished. Ricin- 
24B11 complexes accumulated in late endosomes and eventually 
lysosomes, suggesting that the toxin-antibody complexes are 
likely subjected to proteolytic degradation. These findings reveal a 
previously unrecognized mechanism by which B-subunit-specific 
antibodies neutralize ricin and may have implications for under- 
standing immunity to other members of the AB family of toxins. 

RESULTS 

24B 1 1 neutralizes ricin when prebound to host cells. In a previ- 
ous study, we demonstrated that 24B1 1 only partially inhibits the 
interaction of ricin with host cells, even though it is a highly potent 
toxin-neutralizing MAb (19). This observation led us to hypoth- 
esize that 24B1 1 neutralizes ricin by interfering with a step down- 
stream of attachment (e.g., endocytosis or retrograde trafficking). 
If this hypothesis is correct, then we reasoned that 24B11 should 
be able to recognize ricin when bound to cell surfaces, whereas 
other RTB-specific MAbs, like SylH3 (which is proposed to neu- 
tralize ricin by blocking receptor interactions), and TFTB-1 (a 
nonneutralizing MAb that binds plate-bound ricin with high af- 
finity) should not. Consistent with our hypothesis, 24B1 1 was able 
to recognize ricin that had been prebound to the surfaces of Vero 
andTHP-1 cells (Fig. la; see Fig. SI in the supplemental material). 
In contrast, neither SylH3 nor TFTB-1 was able to recognize ricin 
under those conditions. We also included R70 as a control in these 
assays. R70 (UNIVAX 70) is a toxin-neutralizing, murine IgGl 
MAb directed against ricin's enzymatic subunit that does not af- 
fect ricin binding to host cells (21-23). 

To determine whether the association of 24B11 with surface- 
bound ricin results in toxin neutralization, Vero and THP-1 cells 
were treated with ricin at 4°C, followed by 24B11 (or SylH3 or 



TFTB-1), and then shifted to 37°C to allow toxin internalization. 
For purposes of comparison, parallel toxin-neutralizing assays 
were performed in which MAbs were incubated with soluble ricin 
before being applied to Vero or THP-1 cells. We found that nei- 
ther SylH3 nor TFTB-1 was capable of neutralizing prebound ri- 
cin, although SylH3 neutralized ricin when premixed with toxin 
before application to Vero (Fig. lb) or THP-1 (see Fig. S2 in the 
supplemental material) cells. 24B11, on the other hand, neutral- 
ized ricin equally effectively, whether it was associated with ricin 
in solution or when prebound to cell surfaces (Fig. 1; see Fig. S2). 
These data are consistent with 24B 1 1 neutralizing ricin at a step 
downstream of receptor binding. 

24B11 interferes with retrograde trafficking of ricin to the 
TGN. We next used confocal laser scanning microscopy (CLSM) 
to examine whether 24B11 is internalized with ricin and, if so, 
whether it interferes with toxin intracellular trafficking. Vero cells 
grown on glass coverslips were incubated with fluorescein isothio- 
cyanate (FITC) -labeled ricin for 30 min at 4°C and then treated 
with Alexa Fluor 633-labeled 24B1 1 (or TFTB- 1 ) for an additional 
30 min prior to being shifted to 37°C. At various time points 
thereafter (30 min, 90 min, and 4 h), cells were fixed and visualized 
by CLSM. In control cells (treated with ricin only) collected at 
30 min, FITC-labeled ricin was localized within defined perinu- 
clear vesicular compartments (Fig. 2A). After 90 min, ricin had 
coalesced around the nucleus with an appearance that was consis- 
tent with the toxin having undergone retrograde trafficking and 
vesicular fusion with the TGN (insets in Fig. 2A). Immunolabeling 
of cells taken at the 4-h time point confirmed that ricin colocalized 
with Golgin97, a marker of the TGN (Fig. 2B). As expected, uptake 
and retrograde trafficking of ricin were unaltered by the nonneu- 
tralizing MAb TFTB-1 (data not shown). 

While 24B11 did not visibly affect endocytosis of ricin into 
Vero cells, the MAb inhibited trafficking of the toxin to the TGN. 
Specifically, at the 30-min time point, 24B1 1 and ricin colocalized 
within endocytic vesicles (Fig. 2A). The ricin-24Bll-containing 
vesicles were similar in appearance to (but more numerous than) 
the ricin-containing vesicles observed in control cells. At 90 min, 
however, ricin-24B 11 -containing vesicles had not coalesced 
around the nucleus and did not stain positive for Golgin97 (Fig. 
2B and C; see Fig. S3 in the supplemental material). Instead, ricin- 
24B 11 -containing vesicles remained distributed throughout the 
cytoplasm. The toxin-MAb-containing vesicles were also brighter 
and larger in diameter than ricin-positive vesicles in control cells 
at the same time point, indicating that they may be undergoing 
maturation to late endosomes (24). By 4 h, ricin-24Bl 1 complexes 
were no longer detectable in vesicular compartments, although 
residual toxin-antibody complexes were evident at the cell periph- 
ery (Fig. 2A). These data demonstrate that 24B11 is internalized 
with ricin into host cells and then alters the toxin's capacity to 
traffic retrograde to the TGN. 

To verify that the observed alterations in ricin retrograde traf- 
ficking in the presence of 24B11 were not an artifact of allowing 
24B11 to associate with prebound ricin on cell surfaces, the mi- 
croscopy studies were repeated, except that ricin and 24B11 were 
mixed in solution prior to being applied to Vero cells (see Fig. S4 
in the supplemental material). A side-by-side comparison re- 
vealed that the intracellular patterns of ricin-24Bl 1 staining were 
identical whether the toxin and MAb were mixed in solution and 
then applied to cells or whether 24B11 was allowed to associate 
with prebound ricin. 
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FIG 1 24B11 binds and neutralizes ricin when the toxin is prebound to cell 
surfaces, (a) Flow cytometric analysis of MAb recognition of ricin when the 
toxin is prebound to THP- 1 cells. THP- 1 cells were treated with ricin-FITC (R) 
for 30 min on ice prior to the addition of indicated antiricin MAbs (SylH3, 

(Continued) 



We next exploited a TGN-specific sulfation assay to quantitate 
the retrograde trafficking of ricin-24Bll immune complexes in 
HeLa cells. The sulfation assay originally developed by Rapak and 
colleagues involves a recombinant variant of ricin toxin, known as 
RSI, in which RTA carries a C-terminal nanopeptide tyrosine sul- 
fation motif that is modified upon entry into the TGN (25, 26). 
RSI was mixed with 24B1 1, SylH3, or TFTB-1 and then applied to 
cells grown in the presence of Na 2 35 S0 4 . After 2 h, the total and 
RTA-specific levels of sulfation were determined (26). The total 
amount of RTA internalized into host cells was determined by 
Western blotting and densitometry. 

Relative to the toxin-only- treated controls, 24B11 reduced 
TGN-specific sulfation of RTA by >80%, a result that is consistent 
with the CLSM studies (Fig. 3a). The observed reduction in RTA 
sulfation by 24B11 was not due to decreased levels of RSI inter- 
nalization, as 24B 1 1 actually enhanced RS 1 uptake into HeLa cells 
by almost 50% (Fig. 3b). SylH3 also reduced RTA sulfation by 
>80%, but this was due to the ability of the MAb to block toxin 
attachment to cell surfaces and prevent toxin internalization (Fig. 
3a and b). Neither RTA sulfation nor RSI internalization was sig- 
nificantly affected by the nonneutralizing MAb, TFTB-1. 

We recently reported that 24B1 1 Fab fragments are as effective 
as the 24B11 IgG at neutralizing ricin in vitro and in vivo (19). To 
determine what effect Fab fragments have on retrograde transport 
of ricin, RSI was mixed with 24B11, SylH3, or TFTB-1 Fab frag- 
ments and then applied to HeLa cells, as described above. In terms 
of RSI sulfation, the Fab fragments performed almost identically 
to the corresponding full-length IgGs, indicating that neither 
cross-linking of membrane glycoproteins/glycolipids nor Fc re- 
ceptor interactions are required to block toxin retrograde trans- 
port to the TGN (Fig. 3a and b). However, there were notable 
differences in how the Fabs influenced the fate of ricin within the 
cells. By microscopy, we observed that 24B11 Fab-toxin com- 
plexes resided in small cytoplasmic vesicles at early time points 
and then accumulated in the TGN at later time points (see Fig. S5a 
in the supplemental material), a pattern reminiscent of ricin itself 
more than ricin-24Bll IgG complexes. When 24B11 Fab-ricin 
complexes were treated with fiuorophore-conjugated polyclonal 
anti-mouse H+L antibodies as a means to cross-link the Fab frag- 
ments, the 24B11 Fab-ricin complexes resembled 24B 11 -ricin 
complexes in that they accumulated in large perinuclear cytoplas- 
mic vesicles within the cells and failed to merge with the TGN (see 
Fig. S5b). Thus, while both 24B11 Fabs and full-length IgG are 
sufficient to block retrograde transport of ricin, as determined by 
the RSI sulfation assay, they may do so by different mechanisms 
based on their ability to promote toxin cross-linking. 

24B 1 1 -ricin complexes accumulate in late endosomes and ly- 
sosomes. To define the fate of 24B 11 -ricin complexes following 



Figure Legend Continued 

24B 1 1 , R70, and TFTB- 1 ) . The cells were then washed and probed with PerCP- 
labeled anti-mouse F(ab' ) 2 before being subjected to flow cytometry. Scales on 
the x axis (FITC channel) and y axis (PerCP channel) represent log 10 mean 
fluorescence intensity (MFI). (b) 24B11 and SylH3 were assessed for toxin- 
neutralizing activity when mixed with ricin in solution (open circles or open 
squares) or when ricin was prebound to Vero cell surfaces (solid circles or solid 
squares), as described previously (18, 48). Cell death was assessed using 
CellTiter-GLO (Promega, Madison, WI). Data are representative of 3 inde- 
pendent experiments. Percent viability was normalized to the values obtained 
from cells treated with medium only. 
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FIG 2 24B1 1 is internalized with ricin and alters the toxin's intracellular trafficking. (A) Vero cells, grown on glass coverslips, were cooled to 4°C and incubated 
for 30 min with ricin-FITC. The cells were then washed, treated (or not) with Alexa Fluor 633-labeled 24B1 1 for an additional 30 min at 4°C, and then shifted to 
37°C. At the indicated time points (30 min, 90 min, and 4 h) the cells were fixed and imaged by confocal microscopy. Insets in the right- and left-hand columns 
highlight the subcellular localization of ricin (white arrowheads) and ricin-24Bll complexes (black arrowheads). Images are representative of at least four 
independent experiments. Scale bar, 5 jum. (B and C) Cells treated with ricin or ricin-24Bll were collected at 90 min or 4 h (as described above) and then 
immunolabeled with Golgin97 to localize the frans-Golgi network (TGN). (B) Representative images taken at the 4-h time point indicating the visual colocal- 
ization of ricin with Golgin97 in the absence (top panels) but not in the presence of 24B1 1 (bottom panels). The arrowhead (inset, top right panel) indicates 
colocalization between ricin (green) and Golgin97 (magenta) staining. Each image is a maximum-intensity projection of 20 to 30 z-stacks (0.13-ju,m thickness). 
Scale bar, 5 ixm. (C) The frequency of ricin colocalization with Golgin97 at the indicated time points was quantitated with ImageJ, as described in Materials and 
Methods. At least 30 cells were analyzed from each time point. ***, P < 0.001. 



4 mBio' mbio.asm.org 



March/April 2014 Volume 5 Issue 2 e00995-13 



Intracellular Neutralization of Ricin Toxin 



noRS1 RS1 +24B11 +SylH3 +TFTB-1 



no RS1 



RS1 



+24B11 +SylH3 +TFTB-1 



"C std. 



I 



I 



I 



I 



I 



I 



30 kDa 



- 35 S-RTA 



total RTA- 



— 37 kDa 
—25 kDa 




i i i i i i i i i i i i 

24B11 SylH3 TFTB-1 24B11 SylH3 TFTB-1 



FIG3 24B11 inhibits retrograde transport of ricin to the TGN. Cells were incubated with Na 2 35 S0 4 prior to the addition of RS 1 in the absence or presence of 
the indicated MAbs (I) or Fabs (F). Two hours later, the cells were washed with buffer containing lactose to remove any residual surface-bound ricin and then 
lysed. Precipitated proteins from lysates were subjected to SDS-PAGE and transferred to a PVDF membrane, (a) Specific RTA sulfation was measured by 
autoradiography (top panel) and quantitated by densitometry (bottom panel). Total sulfation was determined by precipitation of the remaining lysate. std., 
standard. Each bar (mean with standard deviation [SD]) represents the average of three independent experiments. The asterisks (P < 0.01) represent significance 
between the percent sulfated ricin control and sulfated ricin plus MAb, as determined using an unpaired t test with a 95% confidence interval, (b) After the 
sulfation assay, the membrane was subjected to Western blot analysis with an anti-RTA antibody (top panel) and then quantitated by densitometry (bottom 
panel). 



endocytosis, toxin- and toxin-MAb-treated Vero cells were 
stained for EEA- 1 , a marker of early endosomes (EEs) , or Rab 1 1 , a 
marker of recycling endosomes (REs). In the toxin-only- treated 
cells, ricin colocalized with EEA-1 at 30 min but not at 90 min (see 
Fig. S6 in the supplemental material). Similarly, 24B1 1 -ricin com- 
plexes colocalized with EEA-1 -positive vesicles at 30 min but not 
at 90 min or later time points, suggesting that 24B11 does not 
delay ricin egress from the EEs or divert the toxin from its normal 
trafficking pathway at this step. Likewise, ricin and 24B 11 -ricin 
complexes colocalized with the EE protein Rab5 at 30 min but not 
at 90 min (data not shown). 24B11 did not, however, promote 
prolonged accumulation of ricin in REs, as neither ricin nor 
24B 11 -ricin complexes colocalized with Rab 11 at any of the time 
points examined (see Fig. S7 in the supplemental material). 

Based on these observations, we postulated that ricin-24Bll 
complexes are trafficked to lysosomes for degradation. To test this 
hypothesis, toxin- and toxin-MAb-treated Vero cells were stained 
for Rab7, a marker of late endosomes (LEs) (Fig. 4; see Fig. S8 in 
the supplemental material). We expected that a large amount of 
ricin would by default colocalize with Rab7, considering the ma- 
jority (>90%) of toxin is known to be degraded following endo- 
cytosis (7). Indeed, at the 30-min time point, -70% of ricin- 
containing vesicles were positive for Rab7 (Fig. 4B; see Fig. S8). At 
90 min, <40% of the ricin-containing vesicles were Rab7 positive, 
indicative of the fact that most of the residual toxin had now 
reached the TGN or the lysosomes (Fig. 4A and B). Examination 
of cells treated with 24B 11 -toxin complexes revealed that ricin 
localized within Rab7-positive vesicles at both 30- and 90-min 
time points at significantly greater levels than was observed in 
ricin-only treated cells (Fig. 4A and B; see Fig. S8). The trafficking 
of 24B1 1 to Rab7-positive vesicles was not Fc dependent, as 24B1 1 
F(ab' ) 2 fragments also promoted the accumulation of ricin within 
these vesicles by 90 min (see Fig. S9 in the supplemental material). 



Because 24B1 1 -ricin complexes were concentrated within ves- 
icles positive for Rab7 at 30 and 90 min, but were not detectable in 
these structures at the 4-h time point, we postulated that the com- 
plexes were likely being degraded via lysosomes. To test this ex- 
perimentally, Vero cells were incubated in the presence of 10 mM 
NH 4 C1, an inhibitor of endosome-lysosome acidification, prior to 
being treated with 24B 11 -ricin complexes. In the absence of 
NH 4 C1, ricin-24Bll complexes were not detectable at 4.5 h, 
whereas in the presence of NH 4 C1, ricin-24Bll complexes had 
accumulated in large cytoplasmic vesicles that were positive for 
Rab7 and the lysosomal marker Lamp-1 (Fig. 5 A and B; see 
Fig. S10 in the supplemental material). Quantitative analysis con- 
firmed that in NH 4 Cl-treated cells at 4.5 h, ricin-24Bl 1 complexes 
were more frequently associated with Rab7 and Lamp-1 vesicles 
than ricin from control cells (Fig. 5c; see Fig. S10). These data are 
consistent with 24B11 shunting ricin to lysosomes for degrada- 
tion. 

DISCUSSION 

Neutralizing antibodies directed against the binding subunits of 
AB toxins like ricin, CT, and Stx are generally assumed to simply 
interfere with toxin attachment to host cell receptors. 24B11 is 
unique in this respect because it neutralizes ricin without signifi- 
cantly affecting toxin-receptor interactions (18, 20). This unusual 
property led us to propose that 24B11 neutralizes ricin by inter- 
fering with toxin internalization and/or intracellular trafficking. 
In this study, we demonstrated that 24B 1 1 not only recognizes 
receptor-bound ricin but also actually enhances toxin uptake into 
host cells. However, following endocytosis, ricin-24Bll com- 
plexes failed to traffic retrograde to the TGN. Instead, ricin-24Bl 1 
complexes were shunted to Rab7-positive vesicles and LEs, likely 
resulting in lysosome-mediated proteolytic degradation. While 
the precise mechanism by which 24B1 1 interferes with ricin's nor- 
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FIG 4 24Bll-ricin toxin complexes accumulate in late endosomes. Vero cells treated at 4°C with ricin-FITC (A, top panels) orricin-FITC and24Bl 1 (A, bottom 
panels), as described in the Materials and Methods, were shifted to 37°C for 30 min (see >Fig. S8 in the supplemental material) or 90 min before being fixed and 
stained for Rab7 (magenta). Insets (right column) indicate minimal visual colocalization between ricin and Rab7 in the absence of 24B1 1 but notable overlap in 
the presence of 24B1 1 (arrowheads). Scale bars, 5 /xm. Images are representative of at least six independent experiments. (B) The frequency of ricin colocalization 
with Rab7 at the 30- and 90-min time points was quantitated with Imagel, as described in Materials and Methods. Each bar represents the average of 12 to 15 cells 
(with standard error of the mean [SEM]) of 6 individual experiments. *, P < 0.05; ***, P < 0.001 (determined using an unpaired t test with a 95% confidence 
interval). 



mal retrograde transport pathway remains to be elucidated, the 
fact that Fab and F(ab' ) 2 fragments interfered with toxin transport 
to the TGN (described below) rules out a role for Fc receptors, 
including TRIM 2 1 , in 24B 1 1 -mediated neutralization of ricin ( 1 9, 
27). 

The structure of RTB provides few obvious clues as to how 
24B11 interferes with retrograde transport of ricin. RTB consists 
of two globular domains with identical folding topologies and has 
been compared to an elongated "dumbbell" (28). Each of the two 
domains (1 and 2) is comprised of three homologous subdomains 
(a, J3, and y) that probably arose by gene duplication from a 
primordial carbohydrate recognition domain (CRD) (3). Only 
the external subdomains, la and 2y, which are separated by 
-70 A, retain galactoside recognition activity (3, 29). The two 
CRDs bind galactosides in a noncooperative manner, although a 
recent study has suggested otherwise (30-33). RTB also has two 
N-linked high-mannose side chains that have been postulated to 
interact with mannose-binding protein(s) during ricin toxin in- 
tracellular transport and/or influence intracellular stability of RTB 
(26, 34-37). 24B11 is proposed to recognize an epitope encom- 
passing a small solvent-exposed loop situated between (and in 
close proximity to) the CRD and the N-linked oligosaccharide 
side chain on RTB's domain 1(15, 20). 

Ricin uptake and intracellular transport in mammalian cells 
have been studied for decades, and we can envision several possi- 
ble means by which 24B 1 1 might interrupt ricin trafficking. It is 
now well established, for example, that altering the valence and/or 
size of ricin alters the efficiency of retrograde transport. We (K.S.) 
originally demonstrated this by covalently coupling ricin to col- 
loidal gold or polyvalent horseradish peroxidase, which resulted 
in impaired trafficking of ricin to the TGN ( 3 8 ) . More recently, we 



(K.S.) demonstrated that coupling ricin to quantum dot biocon- 
jugates (26 nm in diameter) did not affect ricin internalization but 
did inhibit retrograde transport (39). Thus, it is possible that 
24B11 promotes cross-linking of ricin on the plasma membrane 
and that 24B1 1 -toxin complexes are simply routed, by default, to 
LEs and lysosomes. 

While cross-linking of ricin on the plasma membrane is an 
appealing model that is well supported by a number of lines of 
evidence, it does not explain why monovalent 24B11 Fab frag- 
ments are as effective as full-length IgG at neutralizing ricin and 
blocking sulfation of recombinant RSI. Perhaps Fab fragments 
interfere with ricin retrograde transport by a different mechanism 
than full-length IgG? This possibility is supported by the observa- 
tion that 24B11 Fab-toxin complexes tended to reside in small 
cytoplasmic vesicles at early time points following uptake and then 
eventually accumulated in the TGN, whereas 24B11 IgG-toxin 
complexes clustered in large vesicles and never reached the TGN 
at detectable levels. How then can we account for the absence of 
RSI sulfation? In fact, very little is known about the actual mech- 
anism of RTA sulfation in the TGN (25, 40), so the possibility that 
24B11 Fab fragments interfere directly with the sulfation event 
through steric hindrance (or another mechanism) cannot be ex- 
cluded. 

Alternatively, perhaps 24B 1 1 prevents ricin from interacting 
with one or more host proteins required for the early stages of 
retrograde transport. While this seems like a plausible model, con- 
sidering that a number of host factors involved in transport of 
ricin to the TGN have been described, no one specific protein or 
lipid has been shown to specifically associate with RTB (see re- 
views in references 6 and 41). Another shortcoming of this model 
is that ricin is known to be an "opportunist" in the sense that, 
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FIG 5 Ricin-24B11 complexes traffic to lysosomes. Vero cells were treated at 4°C with 24B11 and ricin-FITC, in the absence or presence of NH 4 C1 to prevent 
lysosome acidification, and then shifted to 37°C for 4.5 h. Vero cells were then fixed and stained with DyLight 650-labeled goat anti-mouse IgG Fabs (A) to detect 
24B11 (not shown) or Alexa Fluor 647-labeled Lamp-1 antibodies (B). NH 4 C1 treatment resulted in the accumulation of ricin-24Bll-containing vesicles that 
were positive for Lamp-1 (arrowheads within insets, bottom right panels). Scale bar, 5 /j.m. (C) Frequency of ricin (in the absence or presence of 24B11) 
colocalization with Lamp-1 in cells treated or not with NH 4 C1. Each bar represents the average of 30 cells (with SEM) per time point. ***, P < 0.001 (as 
determined using an unpaired r test with a 95% confidence interval). 



unlike Stx, it does not rely on one specific intracellular pathway by 
which to gain entry into the TGN. Rather, ricin appears to exploit 
multiple pathways to the TGN (42). It should be noted at this 
point that a small molecule known as Retro-2 was recently iden- 
tified as being a potent inhibitor of endosome to TGN transport of 
Stx and ricin and in this sense is a "phenocopy" of 24B 1 1 (42, 43). 
Retro-2, however, exerts its effect by targeting a host protein and 
not the toxin per se. Whether there is a connection between the 
mode of action of 24B11 and Retro-2 remains to be determined. 



While there is mounting evidence to suggest that antibodies 
against the A subunits of ricin and Stx neutralize intracellularly 
(23, 44-46), our present study is the first (to our knowledge) to 
demonstrate that an antibody to ricin's or Stx's binding subunit 
interferes with a step other than blocking receptor attachment. It 
will be interesting to determine whether 24B 11 is an anomaly or 
whether others have identified so-called "type II" MAbs like 
24B11 but simply not investigated the possibility that they func- 
tion in an atypical manner (14,16). We are ultimately interested in 
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TABLE 1 Sources of primary and secondary antibodies used in this study 



Target 


Dilution 


Source species 


Conjugate 


Vendor" 


Rab7 


1:30 


Rabbit 


UL 


Cell Signaling Technology 


Rabll 


1:50 


Rabbit 


UL 


Cell Signaling Technology 


EEA1 


1:100 


Rabbit 


UL 


Abeam 


Golgin97 


1:40 


Rabbit 


UL 


Abeam 


Lamp- 1 


1:20 


Mouse 


Alexa Fluor 647 


BioLegend 


Anti-mouse IgG (H+L) 


1:50 


Goat 


PerCP 


Jackson ImmunoResearch 




1:300 


Goat 


DyLight 650 


Leinco Technologies 




1:200 


Rabbit 


DyLight 549 


Jackson ImmunoResearch 


Anti-rabbit IgG (H+L) 


1:200 


Goat 


DyLight 649 


Jackson ImmunoResearch 




1:200 


Goat 


Alexa Fluor 633 


Life Technologies 


Anti-mouse IgG (H+L) 


1:200 


Goat 


Alexa Fluor 546 


Life Technologies 



" Cell Signaling Technology, Beverly, MA; Abeam, Cambridge, MA; BioLegend, San Diego, CA; Jackson ImmunoResearch, Bar Harbor, ME; Leinco Technologies, Fenton, MO; Life 
Technologies, Carlsbad, CA. 



defining the relative contributions of type I and type II antibodies, 
within the context of a polyclonal antibody response, in eliciting 
protective immunity and whether these different activities can be 
leveraged with respect to vaccine and therapeutic design and de- 
velopment. 

MATERIALS AND METHODS 

Chemicals, biological reagents, supplies, and cell lines. Ricin toxin (Rk- 
inus communis agglutinin II) and ricin-FITC were purchased from Vector 
Laboratories (Burlingame, CA). Ricin was dialyzed against phosphate- 
buffered saline (PBS) at 4°C in 10,000-molecular-weight-cutoff Slide-A- 
Lyzer dialysis cassettes (Thermo Scientific, Rockford, IL) prior to use in 
cell-based studies. Tween 20, Triton X-100, Parafilm, and Hoechst 33342 
were purchased from Sigma-Aldrich (St. Louis, MO). ProLong Gold with 
4',6-diamidino-2-phenylindole (DAPI), Image-iT Fx signal enhancer, 
and the Alexa Fluor 633 protein labeling kit were purchased from Life 
Technologies (Carlsbad, CA). The commercial secondary and primary 
Abs used in this study are described in Table 1. Glass coverslips (22- by 
22-mm square, 1.5 mm) were purchased from Corning-Fischer Scientific 
(Suwanee, GA). Tissue culture-treated dishes (35 mm by 15 mm) were 
purchased from Celltreat Scientific Products (Shirley, MA). Cytofix/Cy- 
toperm fixation/permeabilization solution was purchased from BD Bio- 
sciences (San Jose, CA). White 96-well plates were obtained from Corning 
Life Sciences (Corning, NY). GlutaMax, fetal calf serum, and goat serum 
were purchased from Gibco-Invitrogen (Carlsbad, CA). Vero cells, 
THP-1 cells, and cells of the murine myeloma cell line P3X63.Ag8.653 
were purchased from the American Type Culture Collection (Manassas, 
VA). Unless otherwise noted, all cell lines were maintained in a humidi- 
fied incubator at 37°C with a 5% C0 2 atmosphere. 

Ricin MAbs. Murine MAbs 24B 1 1 , SylH3, TFTB- 1 , and R70 have been 
described previously (18, 22). TFTB-1 is an RTB-specific, nonneutralizing 
MAb that has high affinity (equilibrium dissociation constant [K D ], 5.63 
X 10~ 9 ) for plate-bound ricin (18). R70 (also known as UNIVAX-70) is 
an RTA-specific neutralizing MAb described by Lemley and colleagues 
(21). MAb purification was done using ion-exchange (IEX) and protein G 
chromatography under endotoxin-free conditions by the Wadsworth 
Center's Protein Expression core facility. Fab and F(ab' ) 2 fragments were 
produced using the mouse IgGl Fab and F(ab') 2 preparation kit (Pierce, 
ThermoScientific, Rockford, IL) (19). 

Cytotoxicity, apoptosis, and antibody binding assays. Ricin-induced 
apoptosis of THP- 1 cells was assessed using the Annexin V-FITC apopto- 
sis detection kit II (BD Pharmingen). THP-1 cells (5 X 10 5 ) were incu- 
bated with ricin (2.5 iig/ml) in the presence or absence of anti-RTB MAbs 
(40 p,g/ml) for 5 h in 96-well Microtest U-bottom tissue culture treated 
plates (BD Biosciences, San Jose, CA) at 37°C. The cells were then col- 
lected by centrifugation, washed in sorting buffer (1 mM EDTA, 25 mM 
HEPES.pH 7.0, 1% fetal bovine serum [FBS] in Ca + /Mg + -free PBS), and 
stained with Annexin V-FITC. To determine if the MAbs were capable of 



neutralizing ricin when prebound to cells, THP-1 cells (5 X 10 5 ) were 
incubated with ricin for 30 min at 4°C, washed, and then treated with 
anti-RTB MAbs for an additional 30 min at 4°C. The cells were transferred 
to 37°C and incubated for 5 h before being stained with Annexin V-FITC, 
as described above. A minimum of 10,000 cells were analyzed per sample 
using a FACSCalibur fluorescence-activated cell sorter (BD Biosciences). 

To quantitate the ability of MAbs to recognized ricin bound on cell 
surfaces, THP- 1 cells (1 X 1 0 6 ) were incubated for 20 min at 4°C and then 
treated with ricin-FITC (3 ixg/ml) for an additional 30 min at 4°C. The 
cells were then washed to remove unbound toxin and probed with antiri- 
cin MAbs (20 /ug/ml). The cells were incubated for 30 min on ice, washed, 
and then labeled with F(ab') 2 -peridinin chlorophyll protein (PerCP) 
(Jackson ImmunoResearch) for 30 min before being fixed in 4% parafor- 
maldehyde (PFA) in PHEM buffer [60 mM piperazine-N,JV-bis(2- 
ethanesulfonic acid) (PIPES), 25 mM HEPES, 10 mM EGTA, 2 mM 
MgCl 2 , pH 6.9] for 15 min. Cells were diluted into Ca + /Mg + -free Hanks' 
balanced salt solution (HBSS) and analyzed by flow cytometry using a 
FACSCalibur. A minimum of 10,000 cells were analyzed per sample. 

Ricin-specific sulfation assays. Ricin-sulf- 1 (RS 1 ), which is ricin with 
a modified ricin A-subunit containing a tyrosine sulfation site, was pro- 
duced and purified as described previously (25) . HeLa and Vero cells were 
washed with sulfate-free HEPES-buffered medium supplemented with 
2 mM L-glutamine, followed by incubation with 0.2 mCi/ml Na 2 35 S0 4 
(Hartmann Analytic, Braunschweig, Germany) in sulfate-free HEPES- 
buffered medium for 2.5 h at 37°C. RSI was preincubated with the indi- 
cated anti-RTB MAbs for 30 min at room temperature, before the mixture 
was applied to cells and incubated for 2 h at 37°C. The cells were then 
washed (2X5 min) with 0.1 M lactose in HEPES-buffered medium and 
once in cold PBS on ice before the addition of 400-/U.1 lysis buffer (0.1 M 
NaCl, 10 mM Na 2 HP0 4 , 1 mM EDTA, 1% Triton X-100, 60 mM octyl- 
glycopyranoside) supplemented with complete protease inhibitors 
(Roche Diagnostics, Mannheim, Germany). The lysate was cleared by 
centrifugation (8,000 rpm, 10 min, 4°C), and 300 ixl of the supernatant 
was mixed with 1 ml 5% trichloroacetic acid (TCA) followed by centrif- 
ugation at 14,000 rpm (10 min, 4°C). The resulting pellet was washed once 
in ice-cold PBS, dissolved in 2X sample buffer, and subjected to SDS- 
PAGE under reducing conditions, followed by blotting onto a polyvi- 
nylidene difluoride (PVDF) membrane (Immobilon-P; Millipore, Bil- 
lerica, MA). The bands were detected by autoradiography using a 
PharosFX scanner and quantified using Quantity One 1-D Analysis soft- 
ware (BioRad Laboratories, Inc., Hercules, CA). The total amount of sul- 
fated proteins was determined by TCA precipitation of the remaining 
lysates. 

For the purpose of quantification of ricin internalization after the 
sulfation assay, the resulting PVDF membrane was rewet in PBS-T (PBS 
with 0.01% Tween 20) and then probed overnight at 4°C with polyclonal 
anti-RTA antibody (Abeam, Cambridge, MA) in 5% BSA in PBS-T. The 
membrane was then repeatedly washed with PBS-T and probed with 
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(HRP)-conjugated secondary antibody (Jackson Immunoresearch) that 
had been diluted in 1% BSA in PBS-T. The membranes were developed 
using the ECL enhanced chemiluminescence Western blotting detection 
reagent (GE Healthcare, Buckinghamshire, United Kingdom) and quan- 
tified using Quantity One 1-D Analysis software (Bio-Rad, Oslo, Nor- 
way). 

Analysis of ricin endocytosis by confocal fluorescence microscopy. 

Vero or HeLa cells were seeded onto sterile glass coverslips in 6-well tissue 
culture plates at a density of 1.5 X 10 5 cells/well and incubated for 24 h to 
achieve 50 to 70% confluence. Cells were cooled to 4°C for 30 min before 
the coverslips were inverted onto a droplet of ricin-FITC (10 fig/cover- 
slip) situated on Parafilm and then incubated in a humidified chamber for 
an additional 30 min. The coverslips were rinsed with 10% FBS in DMEM 
(at 4°C) and then inverted onto a droplet of Alexa Fluor 633-labeled 
24B11 (6 p,g/ sample) or control MAb. The coverslips were incubated at 
4°C for 30 min before being transferred to sterile tissue culture dishes 
(35 mm by 15 mm) containing prewarmed medium. The cells were incu- 
bated at 37°C for specific time points (30 to 320 min) before being rinsed 
with PHEM buffer, fixed with 4% PFA (in PHEM), and then permeabil- 
ized with 0.5% Triton X- 100 (in PHEM) for 1 min. Cells were washed (4 X 
5 min) in PHEM and blocked first with Image-iT Fx signal enhancer for 
30 min and then PBS-Tween (0.5%) supplemented with Superblock so- 
lution (5% normal goat serum and 5% BSA) for staining with anti-EEAl 
or anti-Golgin97 antibodies, or Superblock Plus solution (5% normal 
goat serum, 5% BSA, and 5% Carnation instant nonfat dry milk) for 
anti-Rab7 and anti-Rab 1 1 staining. Incubations with Rab7 and Rab 1 1 Abs 
were done overnight at room temperature, while EEA1 and Golgin97 
antibody incubations were done for 1 h at 37°C. Anti-Lamp- 1 antibody 
staining was performed as per the instructions in the BD Cytofix/Cy- 
toperm fixation/permeabilization solution kit. The primary and second- 
ary antibodies used in this study are listed in Table 1 . 

Following immunolabeling, cells were washed with PHEM buffer, 
stained with Hoechst (1 u,g/ml) for 5 min, washed again, and then 
mounted onto glass microscope slides with ProLong Gold. Cells were 
imaged using a Leica TCS SP5 AOBS (acousto-optical beam splitter) con- 
focal microscope with multiphoton laser and a 63 X objective (1.4 NA) in 
a sequential manner (Leica Microsystems, Inc., Buffalo Grove, IL). In 
general, image slices were collected midway through the volume of the 
cells where the vesicles and TGN were located, z-stack steps (20 to 35 
z-stacks) were 0.13 fxm. The frequency of ricin-FITC colocalization with 
Rab7, EEA1, Lamp-1, or Golgin97 was determined using Manders' coef- 
ficients within the Just Another Colocalization Plugin ( JACoP) for ImageJ 
(47). Ricin-FITC-positive vesicles were selected using Image J's freehand 
selection option, and the percentage of colocalization was determined by 
measuring the selected fraction of ricin-FITC that overlaps with Rab7, 
EEA1, or Lamp-1 -positive vesicles or Golgin97. Cell slices were used for 
quantitation of markers Rab7, EEA1, and Lamp-1, and a maximum pro- 
jection of z-stacks was used for the Golgin97 marker. 

Statistical analysis and software. Statistical analysis was carried out 
with GraphPad Prism 5 (GraphPad Software, San Diego, CA). Micros- 
copy image processing and analysis were done using ImageJ 1.46j (public 
domain) and Adobe Photoshop CS4 (Adobe Systems, Inc., San Jose, CA). 

SUPPLEMENTAL MATERIAL 

Supplemental material for this article may be found at http://mbio.asm.org 
/lookup/suppl/doi: 10.11 28/mBio.00995- 13/-/DCSupplemental. 

Figure SI, TIF file, 2.4 MB. 

Figure S2, TIF file, 1.8 MB. 

Figure S3, TIF file, 2.1 MB. 

Figure S4, TIF file, 2.5 MB. 

Figure S5, TIF file, 2.8 MB. 

Figure S6, TIF file, 2.6 MB. 

Figure S7, TIF file, 2.6 MB. 

Figure S8, TIF file, 2.7 MB. 

Figure S9, TIF file, 2.6 MB. 

Figure S10, TIF file, 2.8 MB. 
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